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Magneti Behavior in RRh3X (R = rare earths; X=B, C) Compounds
Devang A. Joshi
∗
and Neeraj Kumar, A. Thamizhavel and S. K. Dhar
Department of Condensed Matter Physis and Materials Siene,
Tata Institute of Fundamental Researh, Colaba, Mumbai 400 005, India.
We report on the magneti behavior of RRh3B (R = La, Ce, Pr, Nd, Gd, Tb and Tm) and RRh3C
(R = La, Ce, Pr and Gd) ompounds rystallizing in the ubi perovskite type struture with spae
group Pm3m. The heat apaity data on Pauli-paramagneti LaRh3B and LaRh3C indiate a high
frequeny vibrating motion of boron and arbon atoms in the unit ell. Ce is in α-like nonmagneti
state in both the ompounds. Pr ompounds show a dominant rystal eld eet with a nonmagneti
singlet ground state in PrRh3B and a nonmagneti quadrupolar doublet in PrRh3C. Compounds
with other rare earths order ferromagnetially at low temperatures exept TmRh3B in whih the
zero eld evolution of magneti interations is relatively more ompliated. The eletrial resistivity
of GdRh3B dereases with inreasing temperature in the paramagneti state in the viinity of TC,
whih is rarely seen in ferromagnets. The behavior is disussed to be arising due to the short range
spin utuation and a possible ontribution from Fermi surfae geometry.
PACS numbers: 75.50.C, 74.25.Ha and 71.70.Ch
Keywords: Crystal Field, RRh3B, RRh3C, Ferromagnetism and Spin utuation
I. INTRODUCTION
The existene of a large number of borides and arbides
of rare earth ompounds forming in the anti-perovskite
struture is well known [1, 2℄. Boron and arbon oupy
the body-entered (½, ½, ½) position of the FCC unit ell
in these ompounds. Dhar et al. had reported the syn-
thesis of RPd3Bx (0≤ x <1) by alloying boron with RPd3
(R = rare earth) ompounds whih have the AuCu3-
type FCC struture [3℄. The introdution of smaller
atoms like boron and arbon leads in some ases to in-
teresting hanges in the physial properties of the parent
ompounds. For example, boron expands the unit ell
and indues a hange of valene from intermediate va-
lent in CePd3 to trivalent in CePd3Bx (x > 0.25) and
from trivalent in EuPd3 to mixed valent in EuPd3Bx (x
∼ 0.5) [4, 5℄. Evidene for harge ordering in EuPd3B
was inferred from the variation of
151
Eu Mössbauer spe-
tra with temperature [6℄. The synthesis of perovskite
type RRh3Bx has also been reported in the literature
[7, 8℄, though in this ase only CeRh3 is known to ex-
ist in AuCu3-type struture. The Curie-Weiss, paramag-
neti behavior of the suseptibility of RRh3B ompounds
between 300 and 77 K and
151
Eu Mössbauer measure-
ments in EuRh3B indiating trivalent behavior of Eu ions
have been reported [7℄. Rogl and De-Long investigated
some ternary borides for superondutivity but found
HfRh3B1−x and YRh3B1−x alloys non-superonduting
down to 1.5 K [9℄. A narrowing of the 5f band due to the
hybridization between U 5f eletrons and Rh d eletrons
was inferred in the perovskite URh3B from heat apa-
ity and suseptibility, further supported by band stru-
ture alulations [10℄. More reently, ubi perovskite
MgNi3C was found to beome superonduting at T ∼
∗
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8 K [11℄. In the reent past, RRh3Bx ompounds have
been studied primarily with regard to the variation of
hardness with boron ontent [12, 13℄. In this ommuni-
ation, we report the magneti properties of RRh3B (R
= La, Ce, Pr, Nd, Gd, Tb and Tm), based on the mag-
netization, heat apaity and eletrial resistivity data
measured down to 1.7 K. For omparison, RRh3C om-
pounds for R = La, Ce, Pr and Gd were also synthesized
and their magneti behavior examined.
II. EXPERIMENTAL
The ompounds were prepared by melting the stoihio-
metri amounts of onstituent elements in an ar furnae
on a water ooled ooper hearth under an inert atmo-
sphere of argon. The purity of the starting material is
R (99.9 wt. %), Rh (99.9 wt. %), B (99.5 wt. %) and C
(99.9999 wt. %). The ompounds were annealed at 800
°C for a week and heked with x-ray diration using Cu
Ka radiation. Magnetization measurements were arried
out using a Quantum Design MPMS-5 superonduting
quantum interferene devie magnetometer and Oxford
Instruments vibrating sample magnetometer while the
eletrial resistivity was reorded on an automated home-
built set up. The heat apaity was measured using a
physial property measurement system (PPMS, Quan-
tum Design).
III. RESULTS AND DISCUSSION
The RRh3B and RRh3C series of ompounds form in
a ubi perovskite struture with spae group Pm3m
[1℄. The series of ompounds form for almost all the
rare earths in ontrast to the parent RRh3, whih forms
only in ase of Ce. Hene an additional atom (boron or
arbon) is required to stabilize the perovskite struture.
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Figure 1: (Color online) (a) Powder x-ray diration pattern
of LaRh3B at room temperature. The solid line through the
experimental data points is the Rietveld renement prole
alulated for the ubi LaRh3B. The Bragg position and the
dierene of the observed and alulated prole is also shown.
(b) Unit ell volume of RRh3B and RRh3C ompounds plot-
ted against their orresponding rare-earth onstituents, the
line joining the symbols is guide to the eye.
A minimum amount of boron is needed to stabilize the
RRh3Bx phase, the magnitude of x depends upon the
rare earth R [12℄. We believe a similar situation should
also hold for alloying with arbon. In order to onrm the
phase homogeneity of RRh3B and RRh3C ompounds
prepared in this work, with proper lattie and rystallo-
graphi parameters, a Rietveld analysis of the observed
x-ray patterns of all the ompounds was done using the
Fullprof program. The rened plot of LaRh3B is shown
in Fig. 1a. The obtained lattie parameters are presented
in Table 1 and the orresponding unit ell volumes are
plotted in Fig. 1b. The unit ell volume dereases as
we move to higher rare earths in aordane with the
lanthanide ontration. For CeRh3B and CeRh3C, how-
ever, the value is below that expeted on the basis of
lanthanide ontration, indiating an α-like nonmagneti
state of Ce ions in these ompounds. The unit ell volume
of RRh3B is larger than that of the orresponding RRh3C
Compound Lattie Parameters
a (Å) TC (K) µeff (µB) θp (K)
LaRh3B 4.252 P-P - -
CeRh3B 4.178 P-P - -
PrRh3B 4.214 P 3.58 -7
NdRh3B 4.206 Below 2 3.62 3
GdRh3B 4.191 12 7.88 12
TbRh3B 4.174 6 9.5 5
TmRh3B 4.095 4 7.57 -1
LaRh3C 4.22 P-P - -
CeRh3C 4.146 P-P - -
PrRh3C 4.187 P 3.58 -11
GdRh3C 4.148 3.5 7.9 3
Table I: Lattie parameters, magneti ordering temperature,
eetive moment and paramagneti Curie temperature for
RRh3B and RRh3C ompounds. P-P: Pauli-paramagneti
and P: Paramagneti.
ompounds, and it may be due to the larger metalli ra-
dius of the boron atom (0.88 Å) ompared to that of the
arbon atom (0.77 Å).
A. LaRh3B and LaRh3C
We rst disuss the behavior of nonmagneti, refer-
ene ompounds LaRh3B and LaRh3C. The magneti
suseptibilities of LaRh3B and LaRh3C are shown in Fig.
2a. Both the ompounds exhibit a Pauli-paramagneti
behavior. There is an inrease in the suseptibilities
at low temperatures, whih may be due to the param-
agneti impurity within the samples, arising from the
presene of paramagneti ions in the starting materi-
als. In order to estimate the temperature independent
suseptibility (χ0) the modied Curie-Weiss law (χ =
χ0+Nµ
2
eff/3kB(T −θP )) was tted to the data, the var-
ious parameters have their usual meaning. The obtained
values of χ0 are 2.0 × 10
−4
and 0.4 × 10−4 emu/mole
with eetive moment of 0.17 and 0.22 µB respetively
for LaRh3B and LaRh3C. Suh a low value of eetive
moment indiates that the upturn at low temperature is
due to the presene of paramagneti impurity ions. The
value of χ0 for LaRh3C is muh less than that of LaRh3B.
Considering the fat that the Pauli-paramagnetism arises
from the ondution eletron polarization, it is possible
that replaing boron by arbon shifts the Fermi level to a
region of low density of states. This is supported by the
low temperature heat apaity data plotted as C/T vs T
2
in Fig. 2b. The magnitude of the eletroni ontribution
γ, obtained by tting the expression C/T = γ + βT 2
to the data, is 15 and 6 mJ/mole K
2
for LaRh3B and
LaRh3C respetively. Sine γ is proportional to the den-
sity of states at the Fermi level, a redution in the value
of γ for LaRh3C indiates a derease in the density of
states N (EF ) at the Fermi level. The magnitude of
38
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Figure 2: (Color online) (a) Magneti suseptibility of
LaRh3B and LaRh3C; the solid lines represent a t to the
modied Curie-Weiss law. The line joining the data points is
guide to eye. (b) C/T vs T
2
urve for LaRh3B and LaRh3C
ompounds. The solid lines represent a t to an equation
desribed in the text.
N (EF ) an be obtained using the free eletron relation
γ =
2
3
pi2 k2B N(EF ) (1)
where kB is the Boltzmann onstant. Substituting the
value of γ for LaRh3B and LaRh3C, the density of states
at the Fermi level is found to be 43.4 Ry
−1
atom
−1
and
17.4 Ry
−1
atom
−1
respetively.
The heat apaity of LaRh3B and LaRh3C between
1.7 and 150 K is plotted in Fig. 3a. The heat apaity
of LaRh3C is seen to be higher than that of LaRh3B
above 10 K but at lower temperatures the heat apaity
of the latter dominates beause of its higher eletroni
ontribution. The thermal variation of the heat apaity
of these two ompounds ould not be desribed by either
the Debye or Einstein model separately, but ould be well
desribed by ombined Einstein and Debye ontributions
as shown by the solid lines in Fig. 3a. The total heat
apaity in suh ase is given by
CTot = γT + (CE + CD) (2)
where the rst term represents the eletroni ontribu-
tion, The seond term inludes Einstein ontribution CE
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Figure 3: (Color online) (a) Heat apaity as a funtion of
temperature for LaRh3B and LaRh3C with a t to a ombined
Einstein and Debye ontribution. (b) Resistivity behavior of
LaRh3B and LaRh3C with a t to Bloh-Gru¨neisen relation.
and Debye ontribution CD. The Einstein ontribution
is given by
CE =
∑
n′
3nEn′R
y2ey
(ey − 1)
2
(3)
where y= ΘEn′/T , ΘE is the Einstein temperature, n
′
is
the summation over the dierent Einstein temperatures,
R is the gas onstant and nE is the number of Einstein
osillators. The Debye ontribution is given by
CD = 9nDR
(
T
ΘD
)3 ΘD/T
0
x4exdx
(ex − 1)2
(4)
where x= ΘD/T . ΘD is the Debye temperature and nD
is the number of Debye osillators. Iterative t to the
Eq. 2 was performed by using the values of eletroni
ontribution γ as estimated above and xing the number
of atoms nD and nE for a partiular t, allowing both
ΘEn′ and ΘD to vary as tting parameters. A good t
to the heat apaity of LaRh3B and LaRh3C over the en-
tire range of temperature was obtained by assigning three
4Debye harateristi atoms (nD = 3) with ΘD = 287 K
plus two Einstein harateristi atoms (nE1 = nE2 = 1)
with ΘE1 = 150 K and ΘE2 = 569 K for LaRh3B and
ΘD = 272 K, ΘE1 = 135 K and ΘE2 = 569 K for
LaRh3C. The total number of atoms (nD + nE = 5) a-
ounts for the ve atoms of eah LaRh3B and LaRh3C
ompound. The desription of heat apaity in terms of
a ombination of aousti and optial ontribution an
readily be understood by assigning the Rh atoms in the
unit ell to three Debye harateristi modes and the re-
maining to the Einstein modes. In the Einstein mode of
vibration, ΘE1 << ΘE2, sine La is muh larger in size
(about 100 %) ompared to B or C atoms, thus it an be
expeted to vibrate with a lower natural frequeny om-
pared to that of the latter ones. Hene ΘE1 orresponds
to the vibration of La atoms and ΘE2 to that of B or C
atoms. The hange in the Debye temperature ΘD and
Einstein temperature ΘE1 from LaRh3B to LaRh3C an
be understood to be due to the hange in the lattie pa-
rameters, whereas a onstant value of ΘE2 for both the
ompounds ould not be understood but an tentatively
be assigned to similar bonding strength of the boron and
arbon with the neighboring atoms.
The resistivity of LaRh3B exhibits a metalli like be-
havior down to 30 K (Fig. 3b), leveling o at low temper-
ature with a residual resistivity of 7.8 µΩcm. The resis-
tivity of LaRh3C also shows a similar behavior but with
a small negative urvature at low temperature (between
75 and 150 K) and a residual resistivity of 30 µΩcm. A
possible soure of negative urvature in the resistivity of
nonmagneti materials is due to the sattering of ondu-
tion eletrons from s to d band [14℄. The sattering is
proportional to the density of states in the d band. Thus
the substitution of C in plae of B results in the shifting
of the Fermi surfae in the viinity of d band. Also the
resistivity of LaRh3C is higher than that of LaRh3B due
to the derease in the density of states at the Fermi level.
The resistivity of both the ompounds ould be desribed
by the modied Bloh-Gru¨neisen relation given by
ρ(T ) = ρ0+4ΘDR
(
T
ΘD
)5 ΘD/T
0
x5dx
(ex − 1) (1 − e−x)
−KT 3
(5)
where x= ΘD/T , ΘD is the Debye temperature, ρ0
is the temperature independent residual resistivity and
R andK are the oeients of the phonon ontribution
to the resistivity (seond term) and the Mott s-d inter
band sattering (third term) respetively. The t to the
resistivity urves yields ΘD = 223 K, ρ0 = 7.8µΩcm,
R = 0.156µΩcm K−1 and K = 0µΩcmK−3 for LaRh3B
and ΘD = 226 K, ρ0 = 30µΩcm, R = 0.11µΩcm K
−1
and K = 0.46 10−7µΩcm K−3 for LaRh3C. The nite
value of the oeient K for LaRh3C supports the ex-
planation of the small urvature in the resistivity urve
proposed above. The Debye temperature in the Bloh-
Gru¨neisen relation often diers from the value of ΘD ob-
tained from heat apaity data beause the former takes
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Figure 4: (Color online) (a) Magneti suseptibility of
CeRh3B and CeRh3C. The line joining the data points are
guide to eye. (b) Heat apaity of CeRh3B and CeRh3C
ompounds with the inset showing C/T vs T
2
urve for both
ompounds. The solid lines in the inset represent a t as
desribed in text.
into aount only the longitudinal phonons [15℄.
B. CeRh3B and CeRh3C
From a omparison of their lattie onstants with
neighboring La and Pr analogs, CeRh3B and CeRh3C are
most likely intermediate valane ompounds. This is well
orroborated by their magneti suseptibility, as shown
in Fig. 4a. The suseptibility of CeRh3B at 300 K is
∼ 2.3× 10−4 emu/mole and remains nearly temperature
independent down to about 50 K, onsistent with Pauli
paramagneti behavior. It is seen that the suseptibility
of CeRh3B is omparable to that of LaRh3B and onsis-
tent with the non-magneti nature of a nearly tetravalent
or α-like state of Ce ions. The upturn in suseptibility at
low temperatures is attributed to the presene of trae
paramagneti ions present in the starting onstituents.
A similar behavior is also observed in CeRh3C with χ ∼
3.5 × 10−4 emu/mole at 300 K, omparable to that of
CeRh3B. Even though the density of states at the Fermi
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Figure 5: (Color online) Magneti suseptibility of PrRh3B
and PrRh3C, with the inset showing their magneti isotherm
at 2 K. The lines joining the data points are guide to eye.
level for CeRh3B is higher than that of CeRh3C (inferred
from γ value as desribed below), the higher value of the
suseptibility of CeRh3C an be attributed to the slightly
dierent 4f oupation in these two ompounds.
The heat apaity of the ompounds is shown in Fig.
4b. The heat apaity of CeRh3B is less than that of
CeRh3C below ∼ 11 K but exeeds the latter at higher
temperatures. The behavior is in sharp ontrast to that
of the orresponding La ompounds. The reason may be
due to the hanges in the Debye and Einstein harater-
isti temperatures of these two sets of ompounds. The
eletroni ontribution to the heat apaity estimated
from the linear part of the C/T vs T
2
urve for CeRh3B
and CeRh3C below 10 K is ∼10 and 5 mJ/mole K
2
. The
higher value for the boride is in agreement with the re-
sults on the orresponding La ompounds.
C. PrRh3B and PrRh3C
The suseptibility of PrRh3B and PrRh3C is shown
in Fig. 5. The suseptibility of both the ompounds in-
reases with dereasing temperature, followed by a nearly
temperature-independent behavior at ≈ 25 K, followed
by a further inrease at lower temperatures. The mag-
neti isotherm of the ompounds at 2 K (inset of Fig.
5a) shows a linear behavior up to 70 kOe, attaining a
moment of ≈ 0.35 and 0.4 µB/f.u. for PrRh3B and
PrRh3C, respetively. The behavior of the suseptibil-
ity and a relatively low moment at 2 K in high elds
indiates a paramagneti state of these ompounds with
a strong rystal eletri eld eet. Suh a behavior is
not unommon in the ase of Pr ompounds. The rys-
tal eld an split the J = 4 ground state of the Pr
3+
ion, resulting in a nonmagneti singlet[16℄ or a nonmag-
neti quadrupolar doublet ground state (PrPb3, PrMg3
and PrPtBi: [17, 18, 19℄), if the exhange interations do
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Figure 6: (Color online) (a): Inverse suseptibility as a fun-
tion of temperature for PrRh3B. The solid line through the
data points represent a t to CEF model as desribed in text.
The inset shows the heat apaity of PrRh3B. (b): S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ontribution to the heat apaity of PrRh3B with a solid line
representing the theoretially simulated Shottky urve.
not exeed a ertain ritial value [20℄. Suh nonmag-
neti ground states would give rise to a temperature-
independent, Van-Vlek suseptibility at low tempera-
tures. Hene the nearly temperature-independent be-
havior of the suseptibility (Fig. 5a) at T ≈ 25 K for
both the ompounds arises from a nonmagneti ground
state. The upturn in the suseptibility at low tempera-
tures is due to some trae paramagneti impurities in the
ompounds. The tting of the Curie-Weiss law to the in-
verse suseptibility furnishes an eetive moment of 3.58
µB for both ompounds, equal to the theoretially ex-
peted value for the Pr
3+
ion. The paramagneti Curie
temperatures are -7 and -11 K for PrRh3B and PrRh3C,
respetively. The negative values are normally taken to
imply an antiferromagneti type of interation, but sine
there is no magneti transition down to 1.8 K they must
result from rystal eletri eld eet. This is in ontrast
with the ferromagneti interation present in rest of the
ompounds with magneti rare earth ions R.
The heat apaities of PrRh3B and PrRh3C are shown
6as insets to Fig. 6a and Fig. 7a, respetively. The be-
havior is similar to that of a nonmagneti ompound.
The Shottky ontribution to the heat apaity of both
the ompounds was isolated by subtrating the heat a-
paity of the La analogue, after taking into aount the
slight dierene in the atomi masses of La and Pr, and
is shown in Fig. 6b and Fig. 7b, respetively. Both the
ompounds show a Shottky peak in their heat apa-
ity arising from the thermal variation of the frational
oupation of the rystal eletri eld levels.
A set of CEF levels whih reprodue the Shottky
heat apaity reasonably well may plausibly be taken
to represent the atual CEF splitting in these two om-
pounds. Towards this goal the suseptibility of the two
ompounds was analyzed on the basis of a CEF model
inluding the exhange parameter. Crystal eld analysis
was done taking into aount the ubi symmetry of the
Pr
3+
ion in PrRh3B and PrRh3C. The CEF Hamiltonian
for a ubi point group symmetry is given by [21℄
Hcub.CEF = B
0
4
(
O04 + 5O
4
4
)
+B06
(
O06 − 21O
4
6
)
(6)
where Bml and O
m
l are the CEF parameters and the
Stevens operators, respetively. The diagonalization of
the above Hamiltonian was done using the omputer sim-
ulation to t the inverse suseptibility of the ompounds,
as shown in Fig. 6a and 7a respetively . The CEF pa-
rameters obtained from the t are B04 = -0.079 K and
B06 = 0.0005 K for PrRh3B and B
0
4 = 0.0121 K and
B06 = -0.00135 K for PrRh3C. The suseptibility ould
be tted to a set of values of the rystal eletri eld
parameters, but only those parameters are taken into a-
ount whih ould also t the experimentally obtained
Shottky anomaly as well. The rystal eld split energy
levels obtained from CEF parameters are shown in Fig.8.
The ground state for PrRh3B was found to be a singlet
whereas that of PrRh3C is a doublet. Sine the arbide
is not ordering magnetially at least down to 1.8 K, the
ground state is most likely a quadrupolar nonmagneti
doublet. These energy levels were used to alulate the
Shottky ontribution from the equation
CSch (T ) = R
[∑
i gie
−Ei/T
∑
i giE
2
i e
−Ei/T −
[∑
i giEie
−Ei/T
]2
T 2
[∑
i gie
−Ei/T
]2
]
(7)
where R is the gas onstant, Ei is the CEF energy level
in units of temperature and gi the orresponding degen-
eray. The urves obtained are shown in Fig. 6b and
Fig. 7b, respetively for PrRh3B and PrRh3C. There is
only a qualitative agreement between the observed and
the alulated Shottky ontribution. The disrepany
may arise due to the unertainty in isolating the pure
phonon ontribution as the phonon spetra of PrRh3B
and PrRh3C may not be idential to that of LaRh3B
and LaRh3C, respetively. The peak positions, how-
ever, nearly math indiating that our inferred CEF level
sheme is fairly lose to the atual splitting in both om-
pounds sheme.
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Figure 7: (Color online) (a): Inverse suseptibility as a fun-
tion of temperature for PrRh3C. The solid line represent a t
to CEF model as desribed in text. The inset shows the heat
apaity behavior of PrRh3C. (b): Shottky ontribution to
the heat apaity of PrRh3C with solid line representing the
simulated Shottky urve.
D. GdRh3B and GdRh3C
The results on GdRh3B and GdRh3C are presented
next as Gd is an S -state ion and the CEF eets are
negligible in the rst order approximation. The mag-
neti suseptibility of both the ompounds under zero
eld ooled (ZFC) and eld ooled (FC) onditions at
100 Oe is shown in Fig. 9a. GdRh3B and GdRh3C
order ferromagnetially at 12 and 3.5 K respetively.
Substituting arbon in plae of boron dereases the or-
dering temperature substantially. Sine the Gd
3+
ion is
unaeted by the rystal eld, the lower magneti or-
dering temperature in the arbide is likely due to a de-
rease in the density of states at the Fermi level, inferred
from the magnitude of γ in La and Ce ompounds when
boron is replaed by arbon. In ase of GdRh3B, the
suseptibilities under FC and ZFC onditions oinide
with eah other, whereas a slight dierene is observed
for GdRh3C. The behavior of the magneti isotherm of
both the ompounds at 2 K (Fig. 9b) is as expeted
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Figure 8: (Color online) Crystal eld split energy levels of
PrRh3B and PrRh3C estimated from a CEF t to inverse
suseptibility.
for a ferromagnetially ordered ompound. The magne-
tization for GdRh3B inreases sharply at low elds and
saturates quikly, ompared to that of GdRh3C whih
saturates above 40 kOe. The saturation moments ob-
tained for GdRh3B and GdRh3C respetively are 6.87
and 6.84 µB/f.u. at 2 K and 80 kOe, lose to the theo-
retially expeted value of the Gd
3+
ion ( 7 µB).
The heat apaity of both the ompounds shows an
anomaly at the magneti ordering temperature. (Fig.
10a). In GdRh3C the heat apaity shows a broad shoul-
der between 2 and 5 K followed by a sharp peak at 2.2 K
in ontrast to a relatively sharp upturn in GdRh3B. The
heat apaity data in GdRh3C suggest a relatively om-
pliated evolution of the magneti interations leading to
full magneti ordering at 2.2 K, whih may be responsi-
ble for the slight dierene in the ZFC and FC plots and
for the relatively slow saturation of the magnetization in
GdRh3C at 2 K. As regards the latter point it may also
be noted that the isothermal magnetization plot at 2 K is
taken lose to the magneti ordering temperature. The
magneti ontribution to the heat apaity of GdRh3B
was isolated using the proedure desribed above and the
entropy at 30 K is 17.6 J/mole K, lose to the expeted
value of Rln(2J + 1).
The resistivity of both the ompounds is shown in Fig.
10b. with the inset showing the low temperature part.
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Figure 9: (Color online) a: Magneti suseptibility of
GdRh3B and GdRh3C under zero eld ooled and eld ooled
onditions. b: Magneti isotherm of both the ompounds at 2
K. The inset shows the inverse magneti suseptibility of both
the ompounds with solid lines representing a Curie-Weiss t.
The resistivity at high temperature shows a metalli be-
havior for both the ompounds. For GdRh3B the resis-
tivity dereases from ≈ 90 µΩ m at room temperature
to ≈ 10 µΩ m at 2 K in ontrast to a signiant drop
in the resistivity of GdRh3C from ≈ 180 µΩ m at room
temperature to ≈ 24 µΩ m at 2 K. The higher resistiv-
ity of GdRh3C ompared to that of GdRh3B supports
the low density of states at the Fermi level in the former.
At low temperature (inset of Fig. 10b) the resistivity of
GdRh3C shows a drop at the ordering temperature of
the ompound due to the gradual disappearane of the
spin disorder resistivity. Interestingly the resistivity of
GdRh3B inreases below 20 K up to the ordering tem-
perature in the paramagneti regime showing a usp at
the ordering temperature. Suh a behavior of resistiv-
ity is ommon in antiferromagnets but very rarely seen
in ferromagnets ( eg.,  diretion of Gd metal, La(Fe,
Si)13 and Fe3Pt [22, 23, 24℄ ). In the ase of antifer-
romagnets it has been argued that as one approahes
TC from above, the growth of spin orrelations lead to
large-wave-vetor q utuations (q: magneti reiproal
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Figure 10: (Color online) a: Low temperature heat apaity
of GdRh3B and GdRh3C with the inset showing the alu-
lated entropy for GdRh3B. The line joining the data points
are guide to eye. b: Resistivity behavior of GdRh3B and
GdRh3C. The inset shows the low temperature part for both
ompounds. The arrows in both plots point to their respetive
sales.
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Figure 11: (Color online) The rst derivative of resistivity for
GdRh3B indiating a disontinuity at the ordering tempera-
ture and the solid line represents the theoretially simulated
urve to support the behavior.
lattie vetor) whih inrease the resistivity due to spin
utuations as the temperature is dereased [25℄. In fer-
romagnets, suh behavior arises for various reasons, in
ase of La(FeSi)13 and Fe3Pt the behavior arises due to
the lattie softening assoiated with the Invar eet [26℄.
In ase of Gd metal, the presene of small Fermi surfae
aliper in the  diretion is responsible for the experi-
mentally observed usp in the resistivity along the  -axis
[27, 28℄. In addition to these eets, a theory by Kim
[30℄ shows that an anomaly in the resistivity of the ferro-
magneti metals or alloys at their ordering temperature
arises due to the sattering of ondution eletrons by
short range spin utuations. Kawatra et. al. [29℄ us-
ing Kims theory [30℄ showed that presene of short range
spin utuations ause a sharp disontinuity in the dρ/dT
urve at the ordering temperature of the ompound. The
dρ/dT urve for GdRh3B is shown in Fig. 11. It shows
a sharp anomaly and a hange in sign at the ordering
temperature. Also the sharp anomaly in dρ/dT urve is
well desribed by the the simulated urve (Fig. 11) using
equations desribed by Kim [30℄. This shows that short
range spin utuations is the major ause for the usp at
the ordering temperature. Here we do not rule out the
ontribution from Fermi surfae geometry, but a proper
estimation of the Fermi surfae and single rystal data
are required to onrm.
E. NdRh3B, TbRh3B and TmRh3B
The magneti behavior of NdRh3B, TbRh3B and
TmRh3B is desribed next. The seletion of a Tm om-
pound from the series is beause of its expeted behavior
to form nonmagneti singlet ground state. In the param-
agneti state the t of the Curie-Weiss law (not shown)
to the suseptibility of NdRh3B and TbRh3B furnishes
µeff= 3.62 and 9.5 µB and paramagneti Curie tempera-
ture θP= 3 and 5 K, respetively. The eetive moments
are lose to their respetive free ion moment, and the
positive value of θP indiates the ferromagneti type of
interation between the moments. The ferromagneti na-
ture of the magneti ordering in TbRh3B below 6 K and
below 2 K in NdRh3B is apparent from the low-eld mag-
netization plots shown in Fig. 12a. A slight deviation
between the ZFC and FC plots below 4 K in TbRh3B
and the eld dependene of the isothermal magnetiza-
tion at 2 K (Fig. 12b) suggests the presene of magneti
anisotropy arising from the CEF eets. On the other
hand both the FC and ZFC urves of NdRh3B in the
paramagneti state oinide with eah other as expeted.
The magneti isotherm for TbRh3B (Fig. 12b) is typial
of a ferromagnetially ordered ompound, with a moment
of 7.8 µB/f.u. at 2 K and 120 kOe, lose to the saturation
moment of 9 µB/Tb . Similar behavior is seen in NdRh3B
at 2 K, with a magneti moment of ≈ 2.3 µB/f.u. at 120
kOe. The eletrial resistivity of TbRh3B (Fig. 14)
shows a lear anomaly at 6 K, dereasing sharply at lower
temperatures. However, the heat apaity shows a sharp
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Figure 12: (Color online) a: Magneti suseptibility of
NdRh3B, TbRh3B and TmRh3B under ZFC (unlled sym-
bols) and FC (Filled symbols) onditions. The arrows indi-
ates their respetive axis. b: Magneti isotherms of the same
ompounds at 2 K.
peak at 3.6 K (Fig. 13b). In the paramagneti state the
heat apaity in zero eld exhibits a relatively long tail
suggestive of extended short range order in the paramag-
neti state. Therefore, the anomaly at 6 K in the resis-
tivity of TbRh3B may signify the onset of strong short
range order than truly long range magneti ordering. The
ferromagneti nature of the magneti orrelations is fur-
ther suggested by the eet of magneti eld (40 kOe)
on the heat apaity of TbRh3B (Fig. 13b). The peak
at 3.6 K vanishes and the entropy due to the ordering
is shifted to higher temperatures. The heat apaity of
NdRh3B (Fig. 13a) shows an upturn below 5 K attaining
a value of nearly 3 J/mole K at the lowest temperature
of 1.7 K. The upturn is a preursor to the magneti or-
dering at lower temperature. The resistivity of NdRh3B
shows a metalli behavior down to 2 K (Fig. 14) with no
signature of low temperature magneti ordering.
The suseptibilities of TmRh3B under ZFC and FC
modes (Fig. 12a) nearly oinide with eah other. Un-
like the Gd, Tb and Nd analogs there is no sharp rise but
a hange in the slope at ≈ 4 K. The magneti isotherm
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Figure 13: (Color online) Heat apaity data of NdRh3B,
TbRh3B and TmRh3B. Heat apaity of TbRh3B and
TmRh3B in a eld of 40 kOe are also shown. The line joining
the data points are guide to eye.
of the ompound at 2 K (Fig. 12a) has a behavior typ-
ial of ferromagnets, with a magneti moment of ≈ 5.8
µB/f.u. at 120 kOe. The Curie-Weiss t to the inverse
suseptibility in the paramagneti region yields µeff=
7.6 µB and θP= -1 K. The heat apaity and resistivity
data are shown in Fig. 13 and 14. The heat apaity
shows a broad peak entered at ≈ 4 K with a long tail in
the paramagneti region similar to that of TbRh3B. The
eet of the applied magneti eld on the heat apa-
ity of TmRh3B is similar to that in TbRh3B, the broad
peak getting shifted to higher temperature by a few de-
grees. The resistivity too shows a drop at ≈ 4 K but
the drop in the resistivity is not so signiant, it just
drops by just 0.08 µΩ cm between 4 and 2 K. The low-
eld suseptibility together with magneti heat apaity
and resistivity measurements indiate the presene of a
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Figure 14: (Color online) Resistivity behavior of NdRh3B,
TbRh3B and TmRh3B. The inset shows the low temperature
part for TbRh3B and TmRh3B. The lines onneting the data
points is guide to the eye.
ompliated magneti struture.
IV. CONCLUSION
In onlusion, we have studied the magneti behav-
ior of RRh3B (R = La, Ce, Pr, Nd, Gd, Tb and Tm)
and RRh3C (R = La, Ce, Pr and Gd) ompounds. The
ompounds form in perovskite type ubi struture with
spae group Pm3m. LaRh3B and LaRh3C show Pauli-
paramagneti behavior. Substitution of C in plae of B
auses derease in the density of states at the Fermi level.
Ce is in α-like state in both the ompounds. Pr om-
pounds shows a dominant rystal eld eet with a non-
magneti singlet ground state in PrRh3B and a nonmag-
neti quadrupolar doublet in PrRh3C. Compounds with
other rare earths order ferromagnetially at low tempera-
tures. Resistivity of GdRh3B shows the presene of short
range spin utuations, whih is rarely seen in ferromag-
nets. TbRh3B and TmRh3B order ferromagnetially at
6 and 4 K respetively. NdRh3B has an ordering tem-
perature below 2 K.
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